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ESTIMATION AND USE OF ACCESS PLAN STATISTICS 
Field of the Invention 

This invention generally relates to a database management 
system performed by computers. 
Background of the Invention 

Statistics are frequently accumulated to describe data in a 
database, to facilitate accesses made to the data. For example, when a query 
seeks records meeting multiple selection criteria, the process of assembling the 
results may be made substantially more efficient by applying the selection 
criteria in an appropriate order. Ordering is important because the process of 
scanning a database for matching records is time consuming. 

For example, consider a database table (otherwise known as a 
relation) including columns (otherwise known as attributes) identifying vehicle 
owners by name and address, and the make, model, model year and other 
information about their vehicles. An exemplary query into such a relation may 
seek rows (otherwise known as tuples) identifying the following attribute 

Pagel 

ROC920000133US1 
WH&E IBM/156 
Patent Application 



values: surname "Smith", city name "New York", and vehicle manufacturer 
"Packard"; that is, seeking New Yorkers named Smith who own Packard 
vehicles. This query involves forming the intersection or "AND" of the resijlts 
of three selection criteria, "Smith", "New York", and "Packard". However, 
two of these three criteria are likely to produce a large number of intermediate 
results - specifically, the surname "Smith" is popular in the United States, and 
a large number of individuals reside in "New York". However, "Packard" is a 
relatively rare vehicle manufacturer. Therefore, this query would be most 
efficiently performed by selecting those rows having the value "Packard" for 
the vehicle manufacturer attribute, which will be a relatively small set, and 
then identifying those rows that also have the surname "Smith" and city "New 
York". A far less efficient approach would be to identify all persons with the 
surname "Smith" or addresses in the city "New York", and then selecting from 
either large set those rows meeting the remaining selection criteria. 

To attempt to optimize query processing, modem database 
software often generates statistics prior to executing a query, to estimate the 
likely size of the solution sets that will be generated from each selection 
criterion in a query. One way of forming these statistics is from indexes such 
as the encoded vector index (EVI), disclosed U.S. Patent No. 5,706,495, 
Chadha et al., Jan. 6, 1998, "Encoded-Vector Indices For Decision Support 
and Warehousing", which is incorporated by reference. Other forms of 
indexes are used in other circumstances, as is found to be efficient for the 
particular type of data in use. Typically, statistics are generated using an index 
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and the specific selection criterion of the query being processed. For example, 
in the above case a statistic would be generated indicating the approximate 
number of rows having a surname of "Smith", a city of "New York", and a 
manufacturer of "Packard". These statistics would ideally show that "Packard" 
is the most selective criterion and should be used first. 

After collecting the needed statistics for a given query, those 
statistics may be cached for later re-use. For example, subsequent queries re- 
using the selection criterion of the city of "New York", could re-use the 
statistic previously generated for that same criterion. However, in order to re- 
use statistics, those statistics must be validated for the criterion with which 
they are to be used. The number of rows having a city name of "Brainerd" 
might be substantially less than the number having a city name of "New 
York". Thus, statistics generated for a first selection criterion on a given 
attribute, cannot be reused for a second selection criterion but rather must be 
re- validated by re-accessing the associated index. Unfortunately, the time 
required to access indexes to generate statistics can be a substantial fraction of 
total query optimization time; thus, re-validation of statistics represents a 
substantial loss of efficiency in database processing. 

It will be appreciated that indexes may be single-dimensional or 
multi-dimensional. Thus, in the above example, there may be an index formed 
over both the surname and city attributes, in which case the query optimizer 
can generate an accurate statistic for the number of rows that will meet the 
criteria for both the surname and city set forth in a query. In the absence of a 
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multi-dimensional index of this kind, the query optimizer will need to 
estimate, from the number of records with the surname "Smith", and the 
number of records with the city "New York", the number of records that will 
meet both criteria, which is typically done by assuming that the same 
proportion of persons in "New York" are named "Smith" as there are persons 
named "Smith" in the database as a whole. The resulting statistic is only as 
accurate as the underlying assumption that the distribution of persons named 
"Smith" is roughly sunilar for all cities. Another way to state this assumption, 
is that there is no correlation between the surname and city attributes, or that 
these attributes are "independent". Unfortunately, an assumption of 
independence of attributes is often incorrect. For example, surname and city 
are not likely to be independent (because surnames are often reflective of 
ethnic heritage, and cities have varied ethnic backgrounds). When there is a 
correlation between attributes of a database, statistics generated using an 
assumption of independence of those attributes will not be accurate. In such 
cases, a multi-dimensional index will prove useful, in that statistics formed 
using a multi-dimensional index for those attributes, will be more accurate 
than those formed using separate one-dimensional indexes. 

Highly correlated attributes raise particular difficulties. 
Specifically, records in the exemplary database discussed above, may include a 
vehicle manufacturer and vehicle model attribute. These fields will be highly 
correlated, in that vehicle model names are typically used by a single 
manufacturer. For example, the model name "Escort" has been used by the 
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manufacturer "Ford" whereas the model name "Camry" has been used by the 
manufacturer "Toyota". Such strong correlation will lead to dramatic over- or 
under-estimation of statistics by a query optimizer. A query optimizer 
generating statistics for a query seeking vehicles manufactured by "Toyota", 
and named "Camry", will dramatically underestimate the number of results if 
those attributes are assumed to be uncorrelated. A query optimizer generating 
statistics for a query seeking vehicles manufactured by "Toyota" or vehicles 
named "Camry", will dramatically overestimate the number of results if those 
attributes are assumed to be uncorrelated. Further information on these issues 
can be found in U.S. Patent 5,995,957, Beavin et al., Nov. 30, 1999, "Query 
Optimization Through the Use of Multi-column Statistics to Avoid the 
Problems of Column Correlation", which is incorporated by reference. 

While the above demonstrates the usefulness of multi- 
dimensional indexes, it is often not practical to form multi-dimensional 
indexes for every possible combination of attributes that might be used in a 
query, because the resources consumed in generating and storing the indexes 
will exceed the efficiencies achieved through their use. For this reason, in the 
past methods have been used to identify attribute sets that are likely candidates 
for inclusion in a multi-dimensional index. For example, one known method 
is to monitor the queries that use multiple attributes from a single relation, to 
identify attribute pairs that are frequently used together, so that multi- 
dimensional indexes may be formed on these attributes. For fiuther details on 
this method, see U.S. Patent 5,899,986, Ziauddin, May 4, 1999, "Methods for 
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Collecting Query Workload Based Statistics on Column Groups Identified by 
RDBMS Optimizer", which is incorporated herein by reference. 
Unfortunately, this method may form multi-dimensional indexes on attributes 
that are independent merely because they are often used together in queries, 
while not forming indexes on attribute pairs that have high correlation simply 
because they are used infrequently together. Thus, this method has limited 
value in increasing the efficiency of queries. 

Accordingly, new ways to use statistics and to identify 
appropriate attributes for multi-dimensional indexes, are needed in order to 
continue to provide significant improvements in query performance; 
otherwise, database users will be hampered in their ability to maximize 
intelligent information retrieval. 
Summary of the Invention 

In accordance with principles of the present invention, these 
needs are met through the use of a method for revalidating previously 
generated statistics generated for an attribute. Specifically, in processing a 
query including a selection criterion on one or more attributes of a relation, a 
prior statistic generated for a prior different selection criterion on the same one 
or more attributes of the relation, may be revaUdated for use in processing the 
query, based upon a measure of the entropy of the one or more attributes of the 
relation. In this way, the re-validation of statistics may be performed more 
efficiently. 
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In the described embodiment, a measure is generated for the 
entropy of the one or more attributes of a relation, by collecting a sample of 
tuples of the relation, and computing the frequencies of different values for the 
attributes in the sample, and then combining the measured frequencies into a 
measure of the entropy of the attributes. 

hi a second aspect, the invention features a method for 
identifying an attribute groups of a relation for which multi-dimensional 
indexes are to be formed, by evaluating the correlation of attribute values 
within tuples of the relation and determining that the correlation of attribute 
values within tuples of the relation exceeds a threshold. 

hi the described embodiment, a measure for the correlation of 
an attribute group is formed by comparing, for a common set of tuples, the 
sum of individual entropies of values of each attribute, to the joint entropy of 
the values of all attributes. The margin by which the sum of individual 
entropies of values of each attribute exceeds the joint entropy of the values of 
all attributes, for the same tuples, represents the mformation gain or amount of 
correlation in the group of attributes. The attribute groups that are found to 
have correlation are then evaluated to identify whether (a) specific attribute 
subgroup(s) are the primary source of correlation. This is achieved by 
comparing the information gain for the group of attributes, to the largest 
information gain of any sub-group of one fewer of the same attributes, over the 
same set of tuples. The margin by which the information gain of a group of 
attributes exceeds the largest information gain of any sub-group of one fewer 
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of the same attributes, represents the mutual information gain of that group of 
attributes. A multi-dimensional index can then be formed for those attribute 
groups that are determined to have a substantial information gain and a 
substantial mutual information gain, thus indexing the smallest attribute 
groups in which correlation is identified. These groups may be foimd by an 
exhaustive search of all combinations of attributes of a relation, or 
alternatively by sampling a set of attribute groups and then evaluating other 
related groups of those found to have substantial correlation. 

The above and other objects and advantages of the present 
invention shall be made apparent from the accompanying drawings and the 
description thereof 
Brief Description of the Drawing 

The accompanying drawings, which are incorporated in and 
constitute a part of this specification, illustrate embodiments of the invention 
and, together with a general description of the invention given above, and the 
detailed description of the embodiments given below, serve to explain the 
principles of the invention. 

Fig. 1 is a block diagram of a computer system managing a 
database according to an embodiment of the present invention; 

Fig. 2 is a flow chart of a process for generating entropy 
measures for individual or joint attributes in relations of a database; 

Fig. 3 A is a flow chart of a process of evaluating spaces and 
subspaces of attributes in a relation to identify those that are recommended for 
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indexing, and Fig. 3B is an illustration of the spaces evaluated by the process 
of Fig. 3 A; 

Fig. 4 is a flow chart of a process of generating statistics for 
selection criteria of a query acting upon a relation in a database; and 

Fig. 5 is a flow chart of a process of revalidating statistics for a 
give selection criterion acting upon attributes of a relation. 

Detailed Description of Specific Embodiments 

The methods of the present invention employ computer- 
implemented routines to query information from a database. Referring now to 
FIG. 1 , a block diagram of a computer system which can implement an 
embodiment of the present invention is shown. The computer system shown 
in FIG. 1 is an IBM AS/400; however, those skilled in the art will appreciate 
that the method and apparatus of the present invention apply equally to any 
computer system, regardless of whether the computer system is a complicated 
multi-user computing apparatus or a single user device such as a personal 
computer or workstation. Thus, computer system 100 can comprise other 
types of computers such as IBM compatible personal computers nmning OS/2 
or Microsoft's Windows. Computer system 100 suitably comprises a 
processor 110, main memory 120, a memory controller 130, an auxiHary 
storage interface 140, and a terminal interface 150, all of which are 
interconnected via a system bus 160. Note that various modifications, 
additions, or deletions maybe made to computer system 100 illustrated in Fig. 
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1 within the scope of the present invention such as the addition of cache 
memory or other peripheral devices. Fig. 1 is presented to simply illustrate 
some of the salient features of an exemplary computer system 100. 

Processor 110 performs computation and control functions of 
computer system 100, and comprises a suitable central processing unit (CPU). 
Processor 1 10 may comprise a single integrated circuit, such as a 
microprocessor, or may comprise any suitable number of integrated circuit 
devices and/or circuit boards working in cooperation to accomplish the 
fimctions of a processor. Processor 110 suitably executes a computer program 
within main memory 120. 

Auxiliary storage interface 140 allows computer system 100 to 
store and retrieve information such as relational database table or relation 174 
from auxihary storage devices, such as magnetic disk (e.g., hard disks or 
floppy diskettes) or optical storage devices (e.g., CD-ROM). As shown in 
Fig. 1, one suitable storage device is a direct access storage device (DASD) 
170. DASD 170 may ahematively be a floppy disk drive which may read 
programs and data such as relational database table 174 from a floppy disk. In 
this appHcation, the term "backing storage" will be used to collectively refer 
to all types of storage devices, including disk drives, optical drives, tape 
drives, etc. It is important to note that while the present uivention has been 
(and will continue to be) described in the context of a fully functional 
computer system, those skilled in the art will appreciate that the mechanisms 
of the present invention are capable of being distributed as a program product 
in a variety of forms, and that the present uivention applies equally regardless 
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of the particular type of signal bearing media to actually carry out the 
distribution. Examples of signal bearing media include: recordable type 
media such as floppy disks {e.g., a floppy disk) and CD ROMS, and 
transmission type media such as digital and analog communication links, 
including wireless communication links. 

Memory controller 130, through use of a processor is 
responsible for moving requested hifomiation from main memory 120 and/or 
through auxiUary storage interface 140 to processor 110. While for the 
purposes of explanation, memory controller 130 is shown as a separate entity, 
those skilled in the art understand that, in practice, portions of the function 
provided by memory controller 130 may actually reside in the circuitry 
associated with processor 1 10, main memory 120, and/or auxiUary storage 
interface 140. 

Terminal interface 150 allows system administrators and 
computer programmers to communicate with computer system 100, normally 
through programmable workstations. Although the system 100 depicted in 
Fig. 2 contains only a single main processor 110 and a single system bus 160, 
it should be understood that the present invention applies equally to computer 
systems having multiple buses. Similarly, although the system bus 160 of the 
embodiment is a typical hardwired, multidrop bus, any connection means that 
supports-directional communication in a computer-related environment could 
be used. 

In the illustrated embodiment, memory 120 suitably includes 
an operating system 122, a relational database system 123, and user storage 
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pools 125. Relational database system 123 includes structured query 
language (SQL) 124, which is an interactive query and report writing 
interface. Those skilled in the art will realize that SQL 124 could reside 
independent of relational database system 123, in a separate memory location. 

User storage pools 125 include indexes 126 such as an encoded 
vector index (EVI) 127, and entropy measures 128 developed in accordance 
with principles of the present invention, as well as storage for temporary data 
such as a user query 129. EVI 127 is one example of various forms of index 
that might be utiHzed. An EVI includes a symbol table and an EVI vector, as 
described in the above-referenced U.S. Patent. User query 129 is a request for 
information from relational database table 174 stored in DASD 170. The 
methods of the present invention do not require that the entire relational 
database table be loaded into memory 120 to obtain the information requested 
in user query 129. Instead, indexes are loaded into memory 120 and provides 
relational database system 123 an efficient way to obtain the information 
requested by user query 129. 

It should be understood that for purposes of this application, 
memory 120 is used in its broadest sense, and can include Dynamic Random 
Access Memory (DRAM), Static RAM (SRAM), flash memory, cache 
memory, etc. Additionally, memory 120 can comprise a portion of a disk 
drive used as a swap file. While not explicitly shown in Fig. 1, memory 120 
may be a single type of memory component or may be composed of many 
dijBferent types of memory components. For example, memory 120 and CPU 
1 10 may be distributed across several different computers that collectively 
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comprise system 100. It should also be xmderstood that programs in memory 
120 can include any and all forms of computer programs, including source 
code, intermediate code, machine code, and my other representation of a 
computer program. 

Users of relational database system 123 provide requests for 
information in a useM form by creating user query 129. User query 129 is a 
way to ask relational database system 123 to provide only the set of 
information from relational database table 174 that meets certain criteria. 
Structured Query Language (SQL) 124 is the standard command language 
used to query relational databases. SQL commands are entered by a user to 
create user query 129, which then typically undergoes the following front-end 
processing by relational database system 123. User query 129 is parsed for 
syntax errors. The relational database table from where the user wants his 
information is identified. The field name(s) associated with the information 
are verified to exist in the relational database table. And, the SQL commands 
in user query 129 are reviewed by optimization software in relational database 
system 123 to determine the most efficient manner in which to process the 
user's request. 

The front-end optimization processing of user query 129 by 
relational database system 123 determines whether a particular encoded vector 
index (EVI) 127 exists that might scan more efficiently than another database 
index or than the relational database housed in DASD 170. In order for an 
EVI to be usefiil to the methods of the present invention, the EVI must be built 
over the database fields specified by the criteria in user query 129. That is, 

Page 13 

ROC920000133US1 
WH&EIBM/156 
Patent Application 



there must be an EVI index for those particular fields in that particular 
database. Fields that are indexed are called EVI fields in the EVI. If an EVI 
with the appropriate EVI fields exists, relational database system 123 will opt 
to perform an indexed scan of that EVI, instead of a scan of some other 
traditional database index, or a scan of relational database table 174 itself. 

The field of relational database 174 mapped by EVI 127 is 
called an EVI field. Sometimes, an EVI can be built over more than one 
database field. In this case the EVI fields include a leading EVI field, and one 
or more secondary EVI fields. Then, the information stored in EVI 127 is 
hierarchically indexed first by the leading EVI field, and further by one or 
more secondary key fields. 

Referring to Fig. 2, the process for generating enti-opy measures 
to be used in accordance with principles of the present invention can be 
explained. In this process 200, values for attributes are evaluated, for each 
relation for which entropy measures are being generated. Thus, in step 202 for 
each relation for which entropy measures are being made, in step 204, 
individual attributes or attribute spaces (groups) are selected to be measured. 
Attributes may be selected randomly or may be selected according to the 
frequency of use of those attributes in queries or through any other suitable 
procedure. 

Next, an entropy value is computed for each attribute or 
attiibute space in a sequence of steps starting at step 204. In step 206 a 
uniform sample of N tuples in the current relation is selected. This uniform 
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sample is of sufficient size to be statistically representative of the attribute 
values for all tuples in the relation. Typically a small sample of rows is 
sufficient to create a reasonably accurate characterization of the entire data 
sset. The objective of the sample is to create reasonably accurate estimates of 
entropy in the entire data set. For this apphcation, a table is sampled, by 
collecting a uniformly random sample of rows. For a very large table, a 
sample of 2000 rows is sufficient for characterizing the entire table. The 
sampled rows are then sorted based upon the attribute to be indexed, according 
to a sort order, such as a tj^ical alphanimieric ordering. Then, a histogram is 
created for the values in each column (attribute) m the table that is to be 
indexed. After selecting the sample, then in step 208, for each selected 
attribute or attribute space, a process is performed compute an entropy value 
for that attribute or space. Specifically, in step 210, a hash table is initialized 
for storing frequency values in the subsequent steps. Next, in step 212, for 
each value for the current attribute or set of values in the attribute space in the 
selected tuples, a hash fimction is used (step 214) on the attribute value or 
value set. If the result of the hash function in step 214 does not exist in the 
hash table, then in step 218 the value is inserted in to the hash table, with a 
frequency of one. Next, in step 220, the number of distinct values in the hash 
table, represented by the variable D, is incremented. If in step 214 the hash 
value aheady exists in the hash table, then in step 216 the frequency of that 
value of the hash table is incremented. 
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After step 220 or step 216, the next value or value set for the 
selected attribute or space is selected in step 222, and processing then returns 
to step 212 unless all values have been processed. After all values for the 
selected attribute or space have been processed, value probabilities, 
represented by the symbol P(i), are computed in step 224, from the value 
frequencies in the hash table. Specifically, each frequency is divided into the 
number of distinct values D, to produce a probability P(i) for that value. Next, 
in step 226, the attribute skew for the attribute, representative of the enfropy of 
the attribute values, is computed from the probabilities P(i) and D using 
Equation 1. 

log(£>) 

After computing attribute skew in accordance with Equation 1, 
in step 228 the next attribute or attribute space in the current relation is 
selected, and processing returns to step 208. When all attributes and attribute 
spaces in the current relation have been evaluated, then in step 230, the next 
relation is selected and processing returns to step 202. After all relations have 
been processed, the generation of enfropy measures is done. 

It will be noted that enfropy measures will be accurate for a 
hmited time period subsequent to their generation, if the database is being 
actively modified. Therefore, the process of Fig. 2 may be repeated on an 
ongoing basis, at least for those relations which have encountered frequent 
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modifications, to maintain accurate entropy measures for each attribute of 
interest. 

As described above, it is an aspect of the present invention to 
evaluate one or more relations to determine which attributes of those relations 
may be most effectively indexed to facilitate the future execution of queries on 
those relations. There is a large number of potential combination of attributes 
in a relation with n attributes. Specifically, the number of combinations S(n) 
of two or more attributes of an n-dimensional relation, is computed in 
Equation 2. 

Sin) = c„" + < + c^ + ...+ C2 = 2" - («+ 1) (2) 

As can be seen, the number of combinations S(n) of attributes in a relation, is 
related exponentially to the number of attributes n. It is therefore important to 
identify, within this large set of possible spaces, those combinations of 
attributes which should be indexed to facilitate future execution of queries. A 
process for identifymg attribute sets that can be usefixlly indexed is illustrated 
in Fig. 3A discussed below. To understand the theoretical basis for this 
process, begins with understanding the relationship between the entropies of 
individual attributes and joint entropies of multiple attributes. Specifically, the 
joint entropies of attributes x,,...,x„ is related to the individual entropies of 
those attributes as set forth in equation 3. 

Hix„ ,x„)<t,Hix,)(3) 



Page 17 
ROC920000133US1 
WH&EIBM/156 
Patent Application 



Equation 3 illustrates that entropy values for individual 
attributes vv'ill be equal to the joint entropy of those attributes, only if each of 
the attributes is uncorrelated with the others. If there is some correlation 
between the attributes Xj then the sum of the entropy values of all of the 
5 attributes will be larger than the joint entropy value for the collected attributes. 

From this, the process of Fig. 3 A has been devised. The 
process of Fig. 3 A seeks to identify those spaces or sets of attributes exhibiting 
substantial correlation, as determined by the difference between the individual 
attribute entropies and the joint entropies of those attributes when taken 
1 0 together. 

The theorem of Equation 3 is used in conjunction with the 
following lemma: if a space of attributes exhibits correlation, then every 
superspace of that space will also exhibit correlated. This lemma is useful in 
developing the process of Fig. 3 A, in that it permits conclusions regarding the 

1 5 correlation of a space, to be used to identify superspaces of that space that 

need to be evaluated for correlation. 

This lemma can be proved by beginning with the assumption 
that the lemma is incorrect for a given space, and demonstrating that this 
assumption leads to a contradiction. Specifically, assume that Xj through X^.! 

2 0 and X,, are not correlated, but Xi through X^.! are correlated. If so, then from 
Equation 3 we know that 
H{X„ x„^,)<S//(^,) (4) 
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Equation 4 states that the joint entropy of the gathered set of attributes of Xj 
through X„.i must be less than the sum of the individual entropies of those 
attributes, which follows from the assumption that Xj through X„., are 
correlated. 

5 Next, the entropy of attribute is added to both sides of 

Equation 4, yielding 

HiX„ X„_,) + H{XJ<f^H{X,) (5). 

Next, the left side of Equation 5 can be substituted based upon Equation 3, 

because Xj tiirough X^ are assumed to be uncorrelated. This substitution gives 

10 ^ (6) 

H(X„ XJ = H{X^, X„_,)+ H{XJ< ^ //(XJ 



Equation 6, however, is contradictory for the reason that Xj through X,, are 
assumed to be uncorrelated, and therefore both expressions to the left of the 
inequality of Equation 6 should be equal to the expression to the right of the 
inequality, and not unequal. Thus, the lemma is established. 
15 The process of Fig. 3 A relies upon two rules used to prune 

subspaces from the set of subspaces of a relation. First, the degree of 
correlation of a space of attributes, measured as the mutual information I 
between those attributes, is used to select subspaces of potential interest for 
indexing. 

2 0 " (7) 

/(jr,;...;XJ = ^//(XJ-//(X,,...,XJ>a ^ 
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Equation 7 illustrates computation of the mutual information of 
attributes Xj through X„. The threshold value a in Equation 7 sets the amount 
of information correlation in the set of attributes Xj through X^ that must be 
found to consider those attributes as potential candidates for indexing. 
Attributes will considered to be significantly correlated only if the mutual 
information of those attributes is substantial. The threshold value a is selected 
empirically, based upon results with actual data, and a tradeoff between the 
size and the usefulness of the index. 

The lemma proved above, shows that when a space is 
correlated, this implies that its superspaces are also correlated. Thus, it may be 
that a correlated space has a superspace that is even more strongly correlated, 
in which case, an index on the superspace would be of more use. To facilitate 
the identification of such situations, a second rule is provided, to compute the 
mutual information gain I between an n dimensional space and its n-1 
dimensional subspaces. 

/(Xi,...,jc„,,,jrj = Iix„...;x„)- Maxilix,^ ■,...;x, J)>b (8) 

A space is considered significantly correlated and recommended for indexing, 
if the space has a mutual information that meets the inequality of Equation 7, 
and its superspaces are not found to have a significant mutual information 
gain, meaning those superspaces do not satisfy the inequality of Equation 8. 
The use of these two rules to evaluate possible attribute combinations is 
described in Fig. 3A. 
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Referring now to Fig. 3 A, a process for identifying attribute 
groups of a relation for which multi-dimensional indexes are to be formed, can 
be explained. This process includes a sequence of steps beginning at step 300, 
which are carried out for each relation of a database to be indexed. Li a first 
step 302, a uniform random sample of tuples of the relation is selected. This 
random sample includes tuples with all N attributes for the current relation. 
This random sample is used to make predictions regarding the correlation of 
data within the attributes of the relation, and should therefore be large enough 
to have reasonable statistical likelihood to predict the correlation of all tuples 
in the relation as a whole. 

To begin to identify groups of attributes (or attribute "spaces) 
that have substantial correlation, in step 304 a random sample of the 2- 
dimensional subspaces of the relation is selected. For a relation with N 
attributes, the number of possible 2-dimensional subspaces is equal to the 
number of unique combinations of N attributes taken two at a time, which is 
equal to N*(N-l)/2. A random sample of these 2-dimensional subspaces is 
selected in step 304, with the sample size chosen based upon the desired 
accuracy of the process, and the available computational resources for 
performing the process of Fig. 3B. The size of the random sample may be 
chosen to be a multiple of the size of the relation, i.e., there may be X*N 
spaces selected for some positive integer value of X. 

When the sample of 2-dimensional spaces has been selected, a 
sequence of steps beginning with step 306 is performed for each 2- 
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dimensional subspace. These steps include computing the information gain 
for the subspace, and if the information gain for the subspace exceeds a 
threshold value, adding the subspace to a result set M(2). The computation of 
information gain and comparison to the threshold value a, is set forth in 
Equation 7, above. After computing the information gain for a space, and 
conditionally adding to result set M(2), the next space is selected in step 310, 
so that step 308 is repeated for each subsequent subspace. 

After all 2-dimensional subspaces have been evaluated in step 
308, then a loop variable I is initialized in step 312 to a value of 3. The loop 
variable I identifies "passes" through the sequence of steps 314, 318, 320, 322 
and 324, which evaluate in the Ith pass, (I-l)-dimensional and I-dimensional 
subspaces, to determine which candidate (I-l)-dimensional subspaces in result 
set M(I+1) should be indexed, and which i-dimensional subspaces are 
candidates for indexing to be included in result set M(I). The process of these 
steps is performed for each value of I from 3 to N, the number of attributes in 
the relation. When in step 314, 1 reaches the value of N, then all subspaces 
have been evaluated, and in step 316 indexes are generated for all of the 
subspaces that are identified in all of the sets M(I) generated by the proceeding 
steps. At this point, indexing for a relation is completed and the next relation 
is selected in step 317. After all relations have been indexed, the process of 
Fig. 3A is completed. 

To evaluate candidate spaces from (I- 1) -dimensional subspaces 
to evaluate I-dimensional subspaces, a first step 318 is perfoimed in which all 
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I-dimensional subspaces that are superspaces of those subspaces in the set 
M(I-l) are selected. Thus, all superspaces that include at least the attributes in 
the current interim result set M(I-1) from the previous "pass" are selected. 
Next in step 320, Equation 8 is used to compute the mutual information gain 
of all the selected I-dimensional subspaces. Those subspaces that meet the 
mutual information gain threshold b provided by Equation 8, are conditionally 
added to the interim solution set M(I). The value for b is selected empirically, 
based upon results of different values of b on actual data sets, and a tradeoff 
between index size and the usefulness of the index. When an I-dimensional 
superspace is added to the solution set M(I), this means that an index will be 
created for the corresponding attributes of that space, or for a superspace 
including those attributes and others. It will be appreciated that when an index 
that is created for a certain attribute group, that mdex can be used for queries 
directed to any or all of the attributes in the group. Therefore, it is not 
necessary to index any combination of attributes included within the attributes 
of an existing index. For this reason, in step 322 the set of spaces M(I-1) is 
reviewed, and all subspaces of the I-dimensional spaces added to set M(I) are 
deleted from M(I-l). This ensures that only a minimal number of indexes 
requfred are generated by the process of Fig. 3 A. 

After the steps 318, 320 and 322, the loop variable I is 
incremented in step 324 and processing returns to step 314 for an additional 
pass, or in the case that I=N, for completion procedures as described above. 
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Referring now to Fig. 3B, an example can be used to illustrate 
the process of Fig. 3 A. For this example, assume a relation with four 
attributes (columns) CI, C2, C3 and C4 respectively. The purpose of the 
process of Fig. 3 A is to identify minimal set(s) of columns among those four 
columns that will best represent the correlations between the values in the 
colimms. The entropy H for each individual colimm may be computed using 
the process of Fig. 2. H(C1) represents the entropy of column CI, and so on. 
For the purpose of this example, assume that H(C1)=0.4, H(C2)=0.6, 
H(C3)=0.5, and H(C4)=0.6. 

The process of Fig. 3 A starts by selecting a random sample of 
2-dimensional spaces (i.e., groups of two columns). Assume that the sample 
will contain the following spaces (C1C3), (C2C3), (C1C4) and (C2C4). We 
can measure the entropy of these spaces using the method described in Fig. 2. 
Assume that H(C1C3)=0.2, H(C2C3)=1, H(C1C4)=0.9, and H(C2C4)=0.4. 
Now, for each of these spaces, in step 308 we apply Equation 7. For this, we 
will assume that a=0.2. 
H(Cl)+H(C3)-H(ClC3)=0.7>a. 
H(C2)+H(C3)-H(C2C3)=0. Ka, 
H(Cl)+H(C4)-H(ClC4)=0.1<a, and 
H(C2)+H(C4)=H(C2C4)=0.8>a. 

Apparently, the strongly correlated 2-dimensional spaces are C1C3 and C2C4. 
These are provisionally stored in set M(2), and thus are shaded lightly in Fig. 
3B. 
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Next, in step 318 of Fig. 3A, compute the entropy of 3- 
dimensional spaces that are superspaces of C1C3 and C2C4. Those 
superspaces are C1C2C3, C1C3C4, C2C3C4 AND C1C2C4. Let the entropy 
values of each superspace as follows: 

H(C1C2C3)=0.7, H(C1C3C4)=0.3, H(C2C3C4)=0.8, and H(ClC2C4)-0.2. 
Also, let b=0.3. Then, in step 320, we apply equation (8). 
(H(Cl)+H(C2)+H(C3)-H(ClC2C3))-(H(Cl)+H(C3)-H(ClC3))=0.2<b, 
(H(Cl)+H(C3)+H(C4)-H(ClC3C4))-(H(Cl)+H(C3)-H(ClC3))=0.4>b, 
(H(C2)+H(C3)+H(C4)-H(C2C3C4))-(H(C2)+H(C4)-H(C2C4))=0. Kb, and 
(H(Cl)+H(C2)+H(C4)-H(ClC2C4))-(H(C2)+H(C4)-H(C2C4))=0.6>b. 

From this, we conclude that the strongly correlated columns are 
C1C3C4 and C1C2C4, which are provisionally added to set M(3). Note that 
both of the spaces C1C3 and C2C4 in set M(2) have superspaces in M(3). 
This means that those spaces need not be indexed as their superspaces will be 
indexed; therefore, both spaces in set M(2) are deleted from M(2) in step 322. 
These spaces are not considered strongly correlated and therefore are not 
shaded darkly in Fig. 3B. 

Next, the process of Fig. 3A begins to analyze 4-dimensional 
superspaces of the spaces in M(3), in this case limited to C1C2C3C4. In the 
example illustrated in Fig. 3B, C1C2C3C4 is assumed not to have a mutual 
information gain greater than the previously selected threshold b, and thus is 
not included in the set H(4). Because there are no superspaces of C1C3C4 or 
C1C2C4 in H(4), those two spaces remain in H(3) and are considered strongly 
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correlated spaces. Thus, at the end of the process, the spaces C1C3C4 or 
C1C2C4 are identified as strongly correlated spaces for which indexes should 
be created. These spaces are therefore darkly shaded in Fig. 3B. 

Referring now to Fig. 4, a process 400 for generating statistics 
for a selection criterion or multiple criteria upon a relation can be discussed. 
In a first step 402, the criteria acting upon attributes of the relation are 
evaluated to determine whether an index is available for generating statistics 
for the criteria. It will be noted that criteria acting upon multiple attributes, 
such as requiring specific values for two or more attributes, can only be 
accurately statistically evaluated using an multi-attribute index that indexes all 
of the attributes referenced in the criteria. If there is an index including all of 
the attributes in the relation that are referenced in the criterion of interest, then 
processing can continue firom step 402 to step 404, in which statistics are 
generated for the criterion using the index. Further details on this process are 
explored below with reference to Fig. 5. 

If there is no index available referencing all of the attributes in 
the criteria under consideration, then processing proceeds from step 402 to 
step 406. Step 406 is the first of a series of three steps 406, 408 and 410 
which are repeatedly executed, in an effort to identify a combination of 
indexes that can be used to generate statistics for the criteria. In this process, 
in step 406 a combination of two subspaces of attributes is identified, such that 
the two subspaces of attributes collectively include all of the attributes in the 
criteria under consideration. Next, in step 408, it is determined whether 
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indexes are available for all of the subspaces in the combination identified in 
step 406, i.e., whether there is an index having all attributes for each subspace. 
If so, then in step 418, statistics are generated for the portion of the criteria 
applicable to each subspace, using the available indexes. The process of step 
5 418 is explained in greater detail below with reference to Fig. 5. After 

generating statistics for subspaces in step 418, in step 420 a statistic is 
generated for the selection criteria as a whole, by assuming independence of 
the attributes in the different selected subspaces identified in step 406. For 
example, if two subspaces are identified, and using the indexes for those 

1 0 subspaces it is determined that one tuple in five will meet the portion of the 

criteria applicable on the first set of attributes, and one tuple in five will meet 
the criteria applicable on the second set of attributes, then in step 420, 
assuming independence of the attributes, one tuple in twenty-five should meet 
the combined requirements of the criterion if the criteria are joined by an AND 

1 5 operation. Alternatively, if the criteria on the two attribute are joined by an 

OR operation, then based upon the same statistics, and assumed independence, 
slightly less than two tuples out of every five (2/5 - 1/25) should meet the 
selection criteria. 

In the case where indexes are not available for all subspaces in 

2 0 the current combination identified in step 406, then in step 410 it is determined 

whether there are any other subspace combinations that are yet to be examined 
for possible use in generating statistics for the selection criteria. If so, then 
processing returns to step 406 to identify one of the remaining subspace 
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combinations and then proceed to step 408 to detemiine whether indexes are 
available for each of the subspaces in the newly identified combination. 

If, however, all subspace combinations have been examined 
and there is no set of subspace combinations for which there is an existing 
5 index for each subspace, then processing proceeds from step 410 to step 412. 

In step 412, the subspace combination having the best available index(es) is 
selected. In step 412, the subspace combination that is selected, is the 
combination for which the greatest number of attributes are found in existing 
indexes. Amongst combinations that have an equal number of indexed 

1 0 attributes, the combination having the smallest number of indexes and/or 

greatest number of attributes in single index is selected. This selection process 
is designed to chose the subspace combination from which the most accurate 
statistics can be generated from the indexes that are in existence. 

After step 412, in step 414 statistics are generated for those 

1 5 selection criteria which do have indexes available for the identified attributes. 

Once again, this process is as illustrated in Fig. 5. After generating statistics 
for those selection criteria that can be estimated with an index, in step 416 a 
statistic for the complete set of criteria is generated by estimating statistics for 
those selection criteria acting upon unindexed attributes. For this step, an 

2 0 assumed selectivity may be utilized for an attribute, based upon historical 

experience or a database programmer's estimation of the selectivity of a typical 
criterion acting upon that attribute. The statistics generated using indexes are 
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then combined with the estimated statistics, assuming independence of the 
attribute values as discussed above. 

Referring now to Fig. 5, the process 500 for vahdating statistics 
for an indexed attribute can be explained. This process begins in step 502 by 
determining whether entropy data are available for the indexed attributes for 
which statistics are being generated. If so, then in step 504 it is determined 
whether the entropy for the indexed attribute or attributes is greater than a 
predetermined threshold value. The threshold value is selected empirically, 
based upon results with actual data, and a tradeoff between the delays 
associated with revahdating statistics for low-entropy data, and the 
inaccuracies and delays associated with reusing statistics for high-entropy data. 
If the entry exceeds the selected threshold in step 504, this indicates that the 
selectivity of a criterion applicable to that attribute has a substantial variance, 
and therefore statistics that have been previously generated for other attribute 
values will have little relation to statistics to be generated for the current 
selection criterion on the same attribute. Thus, in this situation, processing 
continues to step 506 in which the index available for the attribute is used to 
determine the number of tuples that will meet the selection criterion for which 
statistics are being generated. Processing also continues directly to step 506 if 
in step 502 no entropy data is available for the attribute value which is the 
subject of the selection criteria. 

If, however, entropy data is available for the attribute that is the 
subject of the selection criterion for which statistics are being generated, and 
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that entropy data shows that the entropy of the attribute is less than the 
threshold value of step 504, then statistics previously generated for the 
attribute in the criterion under consideration can be reused. Statistics may be 
reused in this way because the low entropy of the attribute values, indicates 
5 that the selectivity of attribute values within the relation does not vary 

substantially from one attribute value to another, and therefore statistics 
generated for a prior attribute value may be reused and revalidated for a 
current different attribute value without reaccessing the index. This use of 
prior attribute value statistics is a substantial advantage of principles of the 

1 0 present invention, because it reduces the computational burden of accessing 

the index for every revahdation of statistics. 

While the present invention has been illustrated by a 
description of various embodiments and while these embodiments have been 
described in considerable detail, it is not the intention of the applicants to 

15 restrict or in any way limit the scope of the appended claims to such detail. 

Additional advantages and modifications will readily appear to those skilled in 
the art. For example, while the examples provided herein have been explained 
in the context of a database program implementing standard query language 
(SQL), the invention may be used in the context of a database program using 

2 0 any other declarative database language. The invention relates to 

implementation of a database program and is not limited to any particular end 
user language. The invention in its broader aspects is therefore not limited to 
the specific details, representative apparatus and method, and illustrative 
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example shown and described. Accordingly, departures may be made from 
such details without departing from the spirit or scope of applicant's general 
inventive concept. 

What is claimed is; 
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